In several eudicot species, one copy of each member of the WUSCHEL-RELATED HOMEOBOX (WOX) gene family, WOX1 and WOX3, is redundantly or differentially involved in lateral leaf outgrowth, whereas only the WOX3 gene regulating the lateral domain of leaf development has been reported in grass. In this study, we show that a WOX3 gene, LEAF LATERAL SYMMETRY1 (LSY1), regulates lateral leaf development in a different manner ftom that of other duplicated paralogs of WOX3, NARROW LEAF2 (NAL2)/NAL3, in rice. A loss-of-function mutant of LSY1 exhibited an asymmetrical defect from early leaf development, which is different from a symmetric defect in a double loss-of-function mutant of NAL2/3, whereas the expression of both genes was observed in a similar domain in the margins of leaf primordia. Unlike NAL2/3, overexpression of LSY1 produced malformed leaves whose margins were curled adaxially. Expression domains and the level of adaxial/abaxial marker genes were affected in the LSY1-overexpressing plants, indicating that LSY1 is involved in regulation of adaxial-abaxial patterning at the margins of the leaf primordia. Additive phenotypes in some leaf traits of lsy1 nal2/3 triple mutants and the unchanged level of NAL2/3 expression in the lsy1 background suggested that LSY1 regulates lateral leaf development independently of NAL2/3. Our results indicated that all of the rice WOX3 genes are involved in leaf lateral outgrowth, but the functions of LSY1 and NAL2/3 have diverged. We propose that the function of WOX3 and the regulatory mode of leaf development in rice are comparable with those of WOX1/ WOX3 in eudicot species.
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Introduction
The leaf is the plant organ that is specialized for photosynthesis in most plant species. Thus, the leaf is usually flattened to maximize the efficiency of photosynthesis (Govaerts et al. 1996) , although the shape is variable among species. During leaf development, axis determination is an important process to ensure proper leaf shape. Leaf founder cells are recruited from cells at the peripheral zone of the shoot apical meristem (SAM) and develop into young leaf primordia with three axes known as the adaxial-abaxial, proximal-distal and medial-lateral axes (Sylvester et al. 1996) . Among the three axes, genes regulating adaxial-abaxial polarity of leaves have been well studied. In Arabidopsis, class III homeodomain-leucine zipper (HD-ZIPIII) family members, PHABULOSA (PHB), PHAVOLUTA (PHV) and REVOLUTA (REV), have been identified as determinants that promote adaxial identity of leaves (McConnell and Barton 1998 , McConnell et al. 2001 , Prigge et al. 2005 ). Rice HD-ZIPIII genes (OSHB1-OSHB4) also show conserved functions with their homologs in Arabidopsis (Itoh et al. 2008a ). All of these HD-ZIPIII genes possess complementary sites for microRNA165 (miR165) and miR166, which limit their expression only on the adaxial side of the leaves by cleavage, and elimination of these miRNAs occurs on the abaxial side (Kidner and Martienssen 2004, Mallory et al. 2004 ).
Mutation at this complementary site results in ectopic expression of HD-ZIPIII genes, forming adaxialized leaves (Juarez et al. 2004 , Mallory et al. 2004 ). In addition, ASYMMETRIC LEAVES 1 (AS1) and AS2 are also involved in adaxial specification (Byrne et al. 2000 , Xu et al. 2003 . Conversely, KANADI (KAN), YABBY (YAB), AUXIN RESPONSE FACTOR 3 (ARF3)/ETTIN (ETT) and ARF4 genes are abaxial determinants required for the determination of abaxial cell identity , Kerstetter et al. 2001 , Eshed et al. 2004 , Pekker et al. 2005 . ARF3/ETT and ARF4 have recognition sites for trans-acting small interfering RNA (tasiRNA) and the mRNA accumulation is regulated by tasiRARFs (Fahlgren et al. 2006 , Hunter et al. 2006 . ARGONAUTE 7 (AGO7) is involved in the generation of tasiR-ARFs to repress expression of abaxial determinants ARF3/ETT and ARF4 on the adaxial side in Arabidopis (Fahlgren et al. 2006 , Hunter et al. 2006 , Montgomery et al. 2008 . In rice, up-regulation of OsAGO7 led to an adaxially rolled leaf phenotype due to the alteration of adaxial-abaxial patterning (Shi et al. 2007) , and the shoot organization2 mutant, a weak allele with loss of OsAGO7, exhibited filamentous and partially abaxialized leaves (Itoh et al. 2008b) .
In contrast to the adaxial-abaxial axis, little is known about the genetic mechanism that occurs in the medial-lateral axis during leaf development. PRESSED FLOWER (PRS), which encodes a WUSCHEL-RELATED HOMEOBOX3 (WOX3) gene, is the first reported gene involved in the medial-lateral axis-dependent development in lateral organs and floral meristems of Arabidopsis. The prs mutant shows repressed growth of lateral sepals and missing cell files at the lateral margins (Matsumoto and Okada 2001) , while no abnormal phenotype is observed in leaves of the prs single mutant. WOX1 is a gene that participates in the mediallateral patterning of leaves together with PRS/WOX3. The wox1 prs double mutant displays lateral reduction of leaf blades, petals and sepals, and thickened leaf margins, suggesting that the medial-lateral patterning of the leaves in Arabidopsis is redundantly regulated by WOX1 and PRS/WOX3 (Vandenbussche et al. 2009 . In contrast, a loss-of-function mutant of MAEWEST (MAE), which is the ortholog of WOX1 in Petunia, shows similar phenotypes to the wox1 prs double mutant (Vandenbussche et al. 2009 ). Similar to Petunia, STENOFOLIA (STF)/WOX1 in Medicago truncatula, LAM1/WOX1 in Nicotiana sylvestris and LATHYROIDES/WOX1 in pea promote lateral leaf outgrowth (Tadege et al. 2011 , Zhuang et al. 2012 , whereas LOOSE FLOWER (LFL)/WOX3 in M. truncatula only plays a role in flower organ fusion (Niu et al. 2015) .
In monocot species, WOX3 genes are thought to be main players for leaf development along the medial-lateral axis because phylogenic analyses showed that monocot species have only WOX3 homologs but no WOX1 homologs (Zhang et al. 2010) . It has been reported that duplicated factor genes in maize, NARROW SHEATH1 (NS1) and NS2, are required for the establishment of the lateral leaf domain. ns1/ns2 double mutants show deletion of the lateral compartment of leaves due to the decreased leaf founder cells corresponding to leaf margins (Scanlon et al. 1996) . NS1 and NS2 mRNAs are detected at two lateral foci of the SAM and marginal tips of leaf primordia (Nardmann et al. 2004) . In rice, double loss-of-function mutants of NS1/NS2 orthologs, NARROW LEAF2 (NAL2) and NAL3, exhibit a similar phenotype to ns1/2 double mutants. The nal2/3 leaves show a narrow leaf phenotype due to lack of a lateral domain and a decreased number of vascular bundles, although pleiotropic phenotypes were also reported in lateral roots, spikelets and grain shape (Cho et al. 2013 , Ishiwata et al. 2013 . Due to the highly redundant function and sequence similarity between the paralogs, they were thought to be recently duplicated genes, and the duplication event independently occurred during the evolution of both species (Ishiwata et al. 2013) . Indeed, narrow leafed dwarf1 (nld1), a single mutant of the NAL2/3 homolog in barley, exhibited a very similar phenotype to that of rice nal2/3 and maize ns1/2 mutants (Yoshikawa et al. 2016) . Thus, these are functional orthologs of rice NAL2/3, and WOX3 genes are crucial for leaf development along the medial-lateral axis in grasses. In addition, recent works reported that NAL2/3/WOX3 directly represses the gibberellin biosynthesis gene (Cho et al. 2016) , and the STF/WOX1 gene of Medicago regulates cell proliferation by directly repressing expression of some cytokinin oxidase/dehydrogenase genes in three transgenic grasses (Wang et al. 2017) .
Lateral outgrowth of leaves is sometimes affected by the alternation of adaxial-abaxial identity of the early leaf primordia. It has been hypothesized that lamina outgrowth occurs at the junction between the adaxial and abaxial domains of the leaf primordia (Waites and Hudson 1995, Nakata and . Indeed, loss of adaxial or abaxial identity often leads to failure of lamina outgrowth (Waites and Hudson 1995 , McConnell et al. 2001 , Eshed et al. 2004 . It has been suggested that WOX1 and WOX3 are involved in lateral outgrowth by affecting adaxial-abaxial patterning. In Arabidopsis, WOX1 and PRS/WOX3 accumulate in the middle domain of leaf primordia and regulate leaf lateral elongation by repressing adaxial-abaxial-specific genes . STF/WOX1 in M. truncatula directly represses AS2, which is one of the determinants of adaxial identity (Zhang et al. 2014 ). These reports indicated that WOX1 and WOX3 are partly involved in adaxial-abaxial patterning in eudicots. In monocots, however, there is little evidence that WOX3 genes regulate leaf lateral development by affecting adaxialabaxial patterning. In addition, the function of WOX3 members in leaf development has not been revealed in grasses.
Here, we describe the functions of LEAF LATERAL SYMMETRY1 (LSY1), which is a WOX3 homolog in rice. Loss of function of LSY1 shows defects in lateral outgrowth and leaf margin development in an independent and different manner from that of NAL2/3, indicating that three WOX3 genes are involved in leaf morphogenesis with diverged functions in rice. Furthermore, LSY1 regulates leaf development affecting abaxial-adaxial patterning at the lateral domain of leaf primordia like WOX1 in some dicots. In addition, LSY1 is also known as DEPILOUS (DEP)/NUDA/GLABROUS RICE1 (GLR1), which is required for trichome formation in rice (Angeles-Shim et al. 2012 , Li et al. 2012 , Zhang et al. 2012 . Our results improve our understanding of the functional relationship between WOX1 and WOX3 genes in dicots and two kinds of WOX3 genes in monocots.
Results
Identification of the LSY1 gene lsy1 was originally identified as a recessive mutant from the M 2 population of g-ray mutagenesis, which showed abnormal leaf morphology. Phenotypic characterization of lsy1 was reported previously (Obara et al. 2004) . In brief, some lsy1 plants exhibited shorter stature and the formation of laterally asymmetric leaves (Fig. 1A) . These leaves usually displayed lack of either or both lateral parts of leaves (Fig. 1B, C) .
To identify the LSY1 gene, we performed map-based cloning using the homozygous lsy1 mutant in the F 2 population crossed between the lsy1 heterozygous plant and cv. Kasalath. Rough mapping and fine mapping refined the candidate region to between 9.0 and 10.0 cM on chromosome 5 ( Fig. 2A) , which included 53 predicted genes. One of them was annotated as a WOX3 gene (Os05g0118700), which is also known as the DEP/NUDA/GLR1 gene. DEP/NUDA/GLR1 has been shown to be required for the formation of a type of trichome on leaves and glumes (Angeles-Shim et al. 2012 , Li et al., 2012 , Zhang et al., 2012 , but was not related to leaf morphogenesis. However, we further examined the gene as a candidate of LSY1, because the involvement of WOX3 genes in the growth of lateral organs in rice, maize, Arabidopsis and other eudicots has been reported (Scanlon et al. 1996 , Nardmann et al. 2004 , Vandenbussche et al. 2009 , Ishiwata et al. 2013 . During cloning of the gene, we found a large insertion in the intron of the gene. Thus, we suspected that the large insertion in Os05g0118700 is responsible for the abnormal leaf phenotypes in lsy1 (Fig. 2B) .
To determine whether the insertion affects the transcript of Os05g0118700, we performed a 3' RACE (random amplification of cDNA ends) experiment. We detected a transcript generating a premature stop codon in the intron of Os05g0118700 in lsy1, indicating that the insertion in Os05g0118700 possibly disrupts the transcript of the gene ( Supplementary Fig. S1 ). To determine whether Os05g0118700 is the gene responsible for the lsy1 phenotypes, we attempted to create novel mutant alleles of the gene using the CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats/CRISPR-associated protein 9) system (Fig. 2C) . Regenerated plants from Cas9-and single guide RNA (sgRNA)-expressing calli showed phenotypes in leaves and panicles that were very similar to those of the lsy1 mutant ( Supplementary Fig. S2 ). The sequencing analysis of five regenerated plants displaying lsy1-like morphology revealed that independent biallelic in-del mutations leading to premature stop codons were generated in the CRISPR/Cas9 target site for Os05g0118700 (Fig. 2C) . Cross-sections of the shoots of one of the transgenic plants confirmed that the abnormal leaf phenotype was caused by lack of the lateral part of leaves (Fig. 1D) . Accordingly, these results strongly suggested that Os05g0118700 is the causal gene of lsy1. We also performed a complementation test by introducing a 5 kbp genomic fragment of the gene including the coding sequence, the 2 kbp promoter and the 2 kbp terminator in lsy1. However, the genomic fragment could not rescue the lsy1 phenotype, suggesting that regulatory sequences of the gene might be present outside the genomic fragment.
The LSY1 protein consists of 286 amino acids and is predicted to be a WOX protein containing a conserved homeodomain and a WUSCHEL (WUS)-box motif that distinguishes it from other homeobox transcription factors. Adjacent to the WUS-box, LSY1 has a WOX3-specific motif that is found in all WOX3 subfamily members (van der Graaff et al. 2009 ). Phylogenetic analysis of LSY1 and WOX3 proteins in several plant species rooted by WUS in Arabidopsis has revealed that the WOX3 proteins in angiosperms were resolved into three subclades, consisting of two monocots and one eudicot, in addition to gymnosperm subclades (Supplementary Fig. S3 ; Supplementary Table S1 ). The eudicot WOX3 subclade contains PRS of Arabidopsis thaliana and LFL of Medicago. LSY1 belonged to monocot subclade I, but NAL2/3 of rice, NS1/2 of maize, NLD1 of barley and homologs of Sorghum, Brachypodium, Setaria and Juncus were clustered into monocot subclade II. NAL2/3, NS1/2 and NLD1 are known to play crucial roles in the regulation of lateral axis-dependent development (Scanlon et al. 1996 , Nardmann et al. 2004 , Ishiwata et al. 2013 , Yoshikawa et al. 2016 . Accordingly, one homolog and two duplicated paralogs of WOX3 exist in the rice genome, known as LSY1, NAL2 and NAL3, all of which would be involved in leaf morphogenesis.
Phenotypic differences between lsy1 and nal2/3 leaves LSY1 is one of the WOX3 genes in rice, in addition to NAL2/3, which has been shown to regulate the lateral growth of leaves redundantly. To address the functional differences and/or similarities between LSY1 and NAL2/3, we re-evaluated the phenotypes of lsy1 and the nal2/3 double mutant in more detail.
The characteristic phenotype of the lsy1 seedling was the production of twisted leaves with irregular leaf length (Fig. 1A) . Normally, mature rice leaves tightly enclose inner young leaves with overlapping leaf margins (Fig. 1B) . However, lsy1 leaves were separated from the shoot axis and did not surround the inner leaves due to a defect in the leaf sheath (Fig. 1C) . In contrast, nal2/3 exhibited narrower leaves, but the shape of the seedling was normal (Fig. 1A) . The transverse sections of shoot apices revealed asymmetric leaf defects of lsy1. lsy1 often produced leaf primordia lacking one or both sides of the lateral domain, but sometimes leaf primordia showed no obvious defects (Fig. 1C, D) . These defects of lsy1 were detected from the P2 stage of leaf primordia. On the other hand, nal2/3 leaf primordia were always narrow in a laterally symmetric manner. nal2/3 leaf margins did not overlap with each other and did not enclose inner leaf primordia completely due to their shortened margins (Fig. 1E) .
To estimate the extent of the variety of lsy1 leaf abnormality and phenotypic differences between lsy1 and nal2/3, we examined balances between the left and right sides of leaf primordia (Fig. 1F, G) . We measured the sum of the length between the adjacent veins of P2-P5 leaf primordia ( Supplementary Fig. S4 ). In wild-type plants, the differences in length between the left and right sides of leaf primordia increased as the stage of the leaf primordia progressed (Fig. 1F) . The extent of the right/left difference of lsy1 was greater than that of the wild type at any stage of leaf primordia (Fig. 1G) . In contrast, a smaller difference in the right/left side was observed during any stage of nal2/3 leaf primordia compared with that of the wild type (Fig. 1H ).
These observations indicate that both of the mutations affect growth of the lateral domain of leaf primordia from an early stage, but the effect on growth was quite different between lsy1 and nal2/3.
The reproductive phenotypes of lsy1
Although no obvious abnormalities were observed in the branches of the panicle of lsy1, most of the lsy1 spikelets showed the open-glume phenotype. The typical lsy1 spikelet phenotype was loss of palea or separated palea ( Fig. 3A-D ) with a swollen ovule that was not enclosed by carpel (Fig. 3C, F ). This is in contrast to wild-type spikelets, which had ovules that were completely enclosed by carpels (Fig. 3B, E) . Wild-type anthers had four pollen sacs at the top of each stamen (Fig. 3B, H ). lsy1 stamens have abnormal anthers that either lacked pollen sacs or had pollen sacs that were fused (Fig. 3I) . In addition, secondary floral structure was sometimes observed in lsy1 spikelets (Fig. 3D, G) . These phenotypes indicated that LSY1 also functions in normal growth of lateral organs in the spikelet and in floral development.
Expression of LSY1
To understand the site of LSY1 function, the level of LSY1 transcription was determined by quantitative reverse transcription PCR (RT-PCR) in the vegetative and reproductive organs. LSY1 was expressed in shoot apices including young leaf primordia, SAM, young flowers and young panicle, whereas the expression level was relatively low in the mature leaf blade, leaf sheath and roots (Fig. 4A ). This expression pattern was consistent with the lsy1 phenotype, and was similar to that of NAL2/3, which has been reported previously (Cho et al. 2013 , Ishiwata et al. 2013 .
Next, spatial expression patterns of LSY1 and NAL2/3 were examined by in situ hybridization. The longitudinal sections revealed that LSY1 expression was observed at the tip of the early P1 primordium separating from the SAM (Fig. 4B, C) . Combined with the expression pattern in the serial longitudinal and cross-sections of the shoot apex ( Fig. 4B-D ; Supplementary Fig. S5 ), LSY1 expression was confined to the narrow region in the lateral domain of P2 (Fig. 4C, D) . At the P3 primordium, LSY1 signal is only detected at the edges of the marginal domain (Fig. 4D) . On the other hand, obvious expression of NAL2/3 was observed at the edge of the P1 leaf primordia (Fig. 4E, F ) and detected at a few P2-P4 leaf edges ( Fig. 4E, F; Supplementary Fig. S5 ), which is consistent with previous findings (Ishiwata et al. 2013) . Compared with the expression pattern of LSY1, NAL2/3 was expressed in a similar manner, but had a narrower domain since the expression was detected only at the margins of young leaf primordia (Fig. 4H) . At the reproductive stage, LSY1 expression was mainly observed at the tip of the floral organs, although the expression was also detected at the floral meristem ( Supplementary Fig. S6A ). Crosssections of young spikelets revealed that LSY1 expression occurs at the edges of lemma and palea, the four corners of young stamens and in the pistil ( Supplementary Fig. S6B ). On the other hand, no expression of NAL2/3 was found in floral organs, but expression in the stamen and pistil was suggested in a previous report (Ishiwata et al. 2013 ).
Phenotypes of LSY1-overexpressing plants
To gain further understanding of LSY1 function, we carried out an overexpression analysis. The T 0 transgenic plants (pACT::LSY1) produced severely malformed shoots without roots as compared with control plants with empty vector (Fig. 5A, B) . We used a few dozen T 0 transgenic plants and confirmed elevation of LSY1 expression in a few samples (Fig. 5C) . Cross-sections of pACT::LSY1 shoots revealed some abnormalities of the leaf primordia. First, the vascular bundles in pACT::LSY1 were not regularly arranged, whereas those in the wild type were aligned along the abaxial side of the leaf (Fig. 5D, E) . Secondly, leaves of pACT::LSY became thinner, and the thickness tended to fluctuate along the mediallateral axis, whereas the wild type was gradually thinner from the center to the margin (Fig. 5D, E) . Thirdly, the edges of the leaves were adaxially curled, which is the most conspicuous phenotype of pACT::LSY1 (Fig. 5D) . This phenotype was observed in most of the pACT::LSY1 leaves from the P2 stage. In addition, a detailed observation of pACT::LSY1 shoots revealed that a thinned leaf edge was observed at the distal part of the leaf (Fig. 5F ). This structure was only observed in leaf sheath, which consists of the proximal part of the wild-type leaf (Fig. 5G) . These phenotypes suggested that overexpression and ectopic expression of LSY1 strongly affect the pattern of leaf development.
Abaxial and adaxial cell identity of leaf primordia in lsy1 and LSY1-overexpressing plants
The curled edges of the leaves of pACT::LSY1 plants suggest that cell proliferation or cell growth was more active in the abaxial side than the adaxial side. Thus, it is possible that LSY1 affects abaxial-adaxial patterning during leaf development. To clarify this possibility, we first observed inner and epidermal structures of lsy1 leaves ( Supplementary Fig. S7 ). Cross-sections of an lsy1 leaf revealed that the adaxial-abaxial polarity of the shortened part of the leaf was abnormal. Namely, one of the small vascular bundles showed abnormal polarity, in which xylem and phloem cells were distributed radially without a specific polarity at the periphery ( Supplementary Fig. S7A-D) . Epidermal feature at the edge of the abnormal lsy1 leaf part indicated that there was no obvious boundary between the adaxial and the abaxial side of the leaf, which is normally distinguished by the bristles on the marginal cells in the wild-type leaf ( Supplementary Fig. S7E, F) . These observations indicate that the adaxial-abaxial polarity of the shortened part of the lsy1 leaf was affected.
We next examined the expression of OSHB3 and OsETT3 genes as markers of adaxial and abaxial cell identity of the leaf primordia, respectively. OSHB3 is one of the HD-ZIPIII genes that regulate adaxial cell identity of the leaf (Itoh et al. 2008a) . OsETT3 is an ARF transcriptional factor gene that is possibly involved in the determination of abaxial cell identity Itoh et al. 2008b ). First, we observed the spatial expression pattern of OSHB3 and OsETT3 genes by in situ hybridization. In the wild type, expression of OSHB3 was observed in the adaxial domain of P1, adaxial edges of P2, the adaxial-most layer of P3 and P4, and xylem tissue of vascular bundles of P1-P4 leaves (Fig. 6A) . In contrast, OsETT3 was expressed in the abaxial domain of young leaf primordia and phloem tissue of vascular bundles in the wild type (Fig. 6B) . In the lsy1 mutant, the expression of OSHB3 in the lateral domain of some aberrant leaf primordia was lost (Fig. 6C) . Conversely, the OsETT3 expression domain was unchanged in most leaves (Fig. 6D) . These expression patterns indicated that there exists a domain where both OSHB3 and OsETT3 are not expressed in some abnormal lsy1 leaves.
In pACT::LSY1 shoots, the expression patterns of OSHB3 and OsETT3 were greatly affected (Fig. 6E, F) . Expression domains of both of the genes were drastically expanded to the inside of the leaf primordia compared with those in the wild type (Fig. 6E, F) , indicating that expression of these genes may have been activated in pACT::LSY1 leaf primordia.
To test this possibility, we investigated the expression levels of OSHB3 and OsETT3 using shoot apices of wild-type, lsy1 and pACT::LSY1 plants by quantitative RT-PCR analysis (Fig. 6G) . Compared with the wild type, no significant changes in the expression levels of OSHB3 or OsETT3 were observed in lsy1. On the other hand, in pACT::LSY1 shoot apices, the expression level of OsETT3 was 2.5 times higher than in wild-type shoot apices, whereas no significant change was detected in OSHB3 (Fig. 6G) . These results suggest that LSY1 affects adaxial-abaxial cell fates at the edges of leaf primordia. Although the expression domains of both OSHB3 and OsETT3 were affected in pACT::LSY1 leaf primordia, overexpression and ectopic expression of LSY1 throughout leaf primordia predominantly induced ectopic expression of OsETT3, which may cause excess cell proliferation of the abaxial domain of pACT::LSY1 leaf primordia.
Genetic relationship between LSY1 and NAL2/3
To understand the genetic relationship between LSY1 and NAL2/3, we first carried out gene expression analyses in each mutant background. Quantitative RT-PCR revealed that there was no significant difference in NAL2/3 expression between the wild type and lsy1, whereas LSY1 expression in nal2/3 is twice as high as in the wild type (Fig. 7A) . The expression of both LSY1 in nal2/3 and NAL2/3 in lsy1 was detected in the lateral edges of leaf primordia. LSY1 expression in nal2/3 was similar to that of the wild type, but the expression domain of NAL2/3 in lsy1 was slightly enlarged around the leaf edge (Figs. 4D, G, 7B, C) . These results indicate that the expression pattern of LSY1 was not affected by NAL2/3, although NAL2/3 expression was slightly affected by LSY1 and the expression level of LSY1 was weakly suppressed by NAL2/3.
Next, we observed the phenotype of the lsy1 nal2/3 triple mutant. Seedlings of lsy1 nal2/3 exhibited a similar, but stronger phenotype than that of the lsy1 single mutant in terms of the production of shortened and twisted leaves (Fig. 8A) . Crosssections of the triple mutant revealed the lack of a marginal domain of leaf primordia, which is similar to the phenotype of the lsy1 single mutant, but the leaf defect was more laterally symmetric ( Fig. 8B-D) . To quantify the severity of the phenotype in the lsy1 nal2/3 triple mutant, we measured the differences in length between left and right sides of the P4 leaf primordium ( Fig. 8I; Supplementary Fig. S4 ). As shown in previous results, the left/right difference in lsy1 was large with a high variance, but was small in nal2/3. In the triple mutant, the left/right difference was moderate between lsy1 and nal2/3 with high variance. Moreover, the number of vascular bundles in P4 primordia showed an additive effect in the triple mutant (Fig. 8J) . These results indicated that LSY1 and NAL2/3 affect the growth of the lateral domain of leaf primordia in an independent manner.
However, observations of epidermal features of mature leaves revealed that the cells and the cell files in the lsy1 nal2/3 triple mutant were arranged undulatingly in the lateral direction (Fig. 8E, H) , which was not obvious in the lsy1 single mutant and nal2/3 double mutant (Fig. 8F, G) . In addition, the density of the stomata along the proximal-distal direction in the triple mutant seemed to be higher than that of the single and double mutant. These observations suggest that the cell proliferation pattern along the lateral and the proximal-distal direction in the triple mutant is affected, which would be related to the shortened and twisted leaves in lsy1 nal2/3. Thus, LSY1 and NAL2/3 regulate not only lateral leaf development but also the cell proliferation process along the proximaldistal axis of the leaf.
Trichome phenotype in lsy1
As described above, LSY1 is also known as the DEP/NUDA/GLR1 gene, which was previously shown to be required for a type of trichome formation on the surface of leaves and glumes (Angeles-Shim et al. 2012 , Li et al. 2012 , Zhang et al. 2012 ). To elucidate whether trichome development in lsy1 was affected, we compared the structure of the leaf and glume surface of lsy1 and the wild type. In the wild type, bristles at the edge of the leaf, as well as bristle-type and hair-like trichomes on the leaf surface, were observed ( Supplementary Fig. S8A, C) . On the leaf surface of lsy1 ( Supplementary Fig. S8B, D) and the lsy1 nal2/3 triple mutant (Fig. 8H) , bristle-type trichomes were completely abolished, whereas hair-like trichomes remained ( Supplementary Fig. S8B, D) . Similarly, long bristle-type trichomes were observed in the wild type, but not in lsy1 glumes ( Supplementary Fig. S8E-H) . A similar observation was reported in the analysis of the DEP/NUDA/GLR1 gene. Since it was found that LSY1 also functions in trichome formation, LSY1 expression was examined by in situ hybridization in the middle part of the P4 leaf blade where trichomes will initiate ( Supplementary Fig. S6C ). As a result, LSY1 mRNA was detected in specific cells in the leaf epidermis. Thus, LSY1 might be involved in trichome formation in these cells of the developing leaf.
These results confirmed that LSY1 is the same gene as DEP/ NUDA/GLR1, and LSY1 is responsible not only for leaf development of the lateral domain but also for the formation of bristletype trichomes on the surface of leaves and glumes.
Discussion

LSY1 regulates leaf lateral outgrowth through adaxial-abaxial patterning
It has been proposed that the juxtaposition of adaxial/abaxial identity is required for lateral elongation of leaf lamina during early leaf development (Waites and Hudson 1995) . In some eudicots, WOX3 and WOX1 are involved in lateral outgrowth of the leaf by co-ordinating adaxial and abaxial determinants, such as ARF4, KAN and AS2 (Vandenbussche et al. 2009 . Our results suggest that LSY1 also participates in leaf lateral elongation by regulating adaxial-abaxial patterning. In our observations, the expression domain of OSHB3 in aberrant leaf primordia of lsy1 was diminished and not detected at putative leaf edges. This observation indicates that LSY1 positively regulates the expression of the OSHB3 gene at the edge of the leaf primordium. However, ectopic expression and overexpression of LSY1 induced the enlarged expression regions of OSHB3 and OsETT3. In addition, the enhanced expression level of OsETT3 was predominant over that of OSHB3 in pACT::LSY1 shoot apices, as detected by quantitative PCR experiments. These results suggest that LSY1 maintains adaxial/abaxial identity by modulating the expression of adaxial/abaxial determinants.
A possible model of leaf development in wild-type, lsy1 and pACT::LSY1 plants is shown in Fig. 9 . In wild-type leaf primordia, LSY1 maintains the expression of OSHB3 and OsETT3 at the edge of the leaf primordium where the expression of both genes was closely adjacent or overlapped (Fig. 9A) . The adjacent expression of both genes might induce lateral elongation and margin morphogenesis of the leaf. In the lsy1 mutant, the detached expression domain of adaxial/abaxial genes at the edge of the leaf primordia by loss of LSY1 function resulted in loss of lateral expansion and adaxial/abaxial polarity (Fig. 9B) . This domain probably corresponds to the NAL2/3 expression domain. One of the possible reasons why lsy1 leaves show an asymmetric defect is that the LSY1 function is not to establish the marginal domain of leaf primordia but to maintain the expression domain of adaxial/abaxial genes. Usually ectopic or reduced expression of adaxial/abaxial polarity genes displays high phenotypic variance in leaf morphogenesis ( Waites and Hudson 1995 , McConnell et al. 2001 , Eshed et al. 2004 ). Thus, the asymmetric defects of lsy1 leaves may be caused by an independent penetrance on the phenotype between the right and left side of the leaf, supporting our hypothesis that LSY1 is involved in adaxial-abaxial patterning. On the other hand, pACT::LSY1 plants have thinned in some places, especially the midrib, and have laterally elongated leaves with adaxially curled edges. In pACT::LSY1, the expression domains of OSHB3 and OsETT3 are enlarged by the ectopic expression of LSY1 throughout the leaf primordia, causing an extension of the adjacent or overlapped domain between OSHB3 and OsETT3 inside the leaf primordia (Fig. 9C) . Consequently, lateral elongation and margin-specific morphogenesis occur inside the leaf primordia, which may explain the thinned and laterally elongated leaves in pACT::LSY1. The transcription level of OsETT3 is up-regulated in pACT::LSY1 leaves. This predominant induction of OsETT3 might explain the adaxially curled phenotype, and suggests that abaxial cell proliferation is more active than adaxial cell proliferation.
How LSY1 maintains expression of adaxial/abaxial genes is still unknown. Induction of OsETT3 expression in pACT::LSY1 leaves suggests that LSY1 is at least a positive regulator of The number of vascular bundles in wild-type (n = 5), lsy1 (n = 9), nal2/3 (n = 6) and lsy1 nal2/3 (n = 5) P4 primordia. Error bars indicate the SD. * and ** indicate significant differences with P-values <0.05 and <0.001, respectively, by Wilcoxon rank-sum test. Scale bars (A) = 5 cm, (B-D) = 200 mm, (E-H) = 100 mm.
OsETT3. However, loss of OSHB3 expression at the lsy1 leaf margins and the enlarged OSHB3 expression domain in pACT::LSY1 leaves indicate that LSY1 is also a positive regulator of OSHB3. It has been shown in angiosperms that WOX proteins, including WOX3, have transcriptional repressor activity (Ikeda et al. 2009 , Lin et al. 2013 . Thus, it is unlikely that LSY1 directly promotes the expression of OsETT3 or OSHB3. It is known that OsETT3 and OSHB3 expression is negatively regulated by tasiR-ARF and miR166, respectively (Nagasaki et al. 2007 , Itoh et al. 2008b . If LSY1 represses the small RNA pathway, induction of OsETT3 and OSHB3 expression in pACT::LSY1 might be explained. In fact, it was reported that PRS and WOX1 negatively affect the expression of MIR165A in Arabidopsis . Nonetheless, other adaxial/abaxial determinants, upstream regulators of OSHB3 and OsETT3, and mutual regulation between OSHB3 and OsETT3 might account for the complex relationship between OsETT3 and OSHB3 expression in lsy1 and pACT::LSY1.
LSY1 function in inflorescence
Although reduced widths of lemma and palea were reported in nal2/3 spikelets, nal2/3 plants are fertile, and morphological defects in stamens and carpel were not observed (Cho et al. 2013 , Ishiwata et al. 2013 ). On the other hand, lsy1 plants are completely sterile and exhibited various strong defects in spikelets and floral organs, including aberrant morphology of lemma and palea, ovule protrusion and incomplete pollen sacs in anthers. In fact, LSY1 mRNA accumulates in all developing floral organs, including palea, lemma, stamens and carpels, but NAL2/ 3 mRNA was not detected in stamen and carpel primordia (Ishiwata et al. 2013) . The different contributions of LSY1 and NAL2/3 towards reproductive development also suggest functional diversification of these WOX3 genes in rice.
The regulation of carpel and stamen development by LSY1 could be comparable with that of leaf development in which LSY1 may affect floral organ development by maintaining adaxial-abaxial patterning. Defects of pollen sacs in lsy1 could be explained by a previously proposed model for anther development (Toriba et al. 2010 , Toriba et al. 2011 . According to the model, re-establishment of polarity in addition to the early adaxial-abaxial patterning in stamen primordium is indispensable for proper arrangement of four pollen sacs in the wild type (Toriba et al. 2010 , Toriba et al. 2011 . LSY1 is expressed at the four corners of the stamen primordium at the expression junction between adaxial/abaxial identity genes, such as ETT genes and HD-ZIPIII genes. Thus, it is possible that LSY1 maintains adaxial/abaxial cell identity in the stamen. Loss of LSY1 function could result in an abnormality in the polarity of the stamen primordia, and thus differentiation of incompletely separated pollen sacs.
LSY1 regulates trichome initiation
The LSY1 gene was found to be the same gene as DEP/NUDA/ GLR1, which is responsible for the trichome-less phenotype on leaf and glume surfaces in glabrous cultivars of rice (AngelesShim et al. 2012 , Li et al. 2012 , Zhang et al. 2012 . lsy1 also lacked bristle-type trichomes on leaves and glumes. In addition, LSY1 mRNA accumulates in specific cells on the surface of P4 leaf primordia, indicating that LSY1 regulates trichome initiation in precursor cells of bristle-type trichomes. Thus, LSY1 functions both in leaf development and in the initiation of bristle-type trichomes. However, no morphogenetic abnormality was reported in the leaves of any glabrous cultivars. The mechanism allowing for DEP/NUDA/GLR1 to control trichome initiation was previously unknown. No mutation was found in the coding and promoter region of DEP/NUDA/GLR1 genes in the three reports (Angeles-Shim et al. 2012 , Li et al. 2012 , Zhang et al. 2012 , although a possible epigenetic modification around the LSY1 locus caused reduced expression of the LSY1 gene, which led to the trichome-less phenotype (Zhang et al. 2012) . Recently, it was reported that NLD1 in barley, which is the ortholog of NAL2/3, not LSY1, is expressed in specific cells of the epidermis of the developing leaf blade. In addition, the density and size of trichomes in the nld1 mutant were reduced (Yoshikawa et al. 2016 ). This may suggest that trichome formation is one of the ancestral functions of the WOX3 gene in grass, but is differentially recruited by different WOX3 genes during grass evolution.
LSY1 function is required for lateral leaf development independent of NAL2/3
Among the WOX gene family, it has been proposed that WOX1 and WOX3 genes have critical functions in lateral organ development in several species. In dicot species, the WOX1 and WOX3 genes play distinct and sometimes redundant roles in lateral organ and flower development. To date, however, in grass species, only one pair of paralogs of WOX3, rice NAL2/3 and maize NS1/2, involved in lateral leaf growth have been reported (Scanlon et al. 1996 , Nardmann et al. 2004 , Cho et al. 2013 , Ishiwata et al. 2013 . In this study, we identified LSY1, another homolog of WOX3 genes, which also controls the lateral growth of leaves. However, these two types of WOX3 genes play different roles in leaf lateral development in an independent manner. First, lsy1 shows an asymmetrical defect in the lateral domain of the leaf, whereas nal2/3 affects leaf margin development symmetrically. Secondly, LSY1 is expressed broadly at the lateral domain of P1 and P2 leaf primordia surrounding the SAM, but NAL2/3 mRNA accumulates at only two edges of leaf primordia (Ishiwata et al. 2013) . Thirdly, the pACT::LSY1 plant produced malformed leaves with thin, adaxially curled edges due to abnormal adaxial-abaxial patterning. On the other hand, overexpression and ectopic expression of NAL2/3 showed laterally elongated leaves with normal morphology by increasing the number of small veins (Ishiwata et al. 2013) . Finally, the lsy1 nal2/3 triple mutant exhibited additive phenotypes of the lsy1 single mutant and nal2/ 3 double mutant in terms of some leaf morphological parameters, in addition to largely unchanged expression patterns of LSY1 and NAL2/3 in each mutant background. These data indicate that LSY1 has a different function in determining leaf shape than NAL2/3, and uses a different mechanism. Moreover, LSY1 is involved in floral development such as that of stamens and carpels, but NAL2/3 is not.
However, the lsy1 nal2/3 triple mutant showed the production of shortened and twisted leaves with abnormally arranged epidermal cells. This phenotype suggests the possibility that LSY1 and NAL2/3 redundantly affect the pattern of cell proliferation in a non-cell-autonomous manner, although detailed and quantitative analysis of the cell proliferation pattern for these mutants is needed. Accordingly, LSY1 and NAL2/3 independently regulate lateral leaf development in the early leaf patterning process, but also control the cell proliferation pattern along the lateral and the proximal-distal axes of the leaf during the leaf expansion process in a non-independent manner.
It is interesting that the phenotype and mode of gene regulation of LSY1/WOX3 are similar to those of STF/WOX1 in Medicago and MAW/WOX1 in petunia (Vandenbussche et al. 2009 ). In stf and maw, mediolateral growth of leaf lamina was inhibited, and floral defects, such as protrusion of ovules, was observed. In both cases, the adaxial-abaxial patterning in lateral organs and tissue differentiation along the adaxial-abaxial axis were affected. Moreover, overexpression of STF/WOX1 in N. sylvestris showed upward curling leaves (Tadege et al. 2011) , which was a comparable phenotype with that of pACT::LSY1. Accordingly, LSY1 is functionally similar to WOX1 rather than WOX3 in eudicots. It was suggested that WOX3 is conserved among gymnosperms, basal angiosperms, monocots and eudicots, whereas WOX1 is only present in the basal angiosperms and eudicots but not in monocots Werr 2006, Nardmann et al. 2007) . Although the origin of WOX1 is still uncertain, we showed that LSY1/WOX3 and WOX1 have similar regulatory modes of leaf development, and both of the genes affect lateral outgrowth of organs through adaxial-abaxial patterning. It has been proposed that WOX1 and WOX3 in eudicots are putative orthologs of NAL2/3 and NS1/2 in rice and maize (Ishiwata et al. 2013 ). Our results indicate that both NAL2/3 and LSY1 are functional equivalents to WOX1 and WOX3 in eudicots. This strengthens the hypothesis that the function of WOX1 in dicots was replaced by WOX3 in monocots (Ishiwata et al. 2016 ). Accordingly, it was thought that functional diversification and conservation between WOX1 and WOX3 occurred in the eudicot lineage, but occurred among WOX3 paralogs in monocots. On the other hand, the extent of diversification and conservation between WOX1 and WOX3 is different among eudicot species. For example, functional redundancy was apparent in PRS/WOX3 and WOX1 in Arabidopsis (Vandenbussche et al. 2009 , although functional diversification between LFL/WOX3 and STF/WOX1 was striking in Medicago (Niu et al. 2015) . In this respect, it is possible that WOX3 homologs would participate in different aspects of development among monocot species. It was reported that two different WOX3 homologs, PRSa and PRSb, are differentially expressed during early leaf development in the monocotyledonous genera, Juncus . PRSa and PRSb are phylogenetically close to NAL2/3 and LSY1, respectively ( Supplementary Fig. S3 ). PRSa is specifically expressed in the margins of the leaf sheath of younger leaf primordia. PRSb expression was only detected at the margin-like structure of P3 primordia in one of the Juncus species with a flattened leaf blade, but not in other species with a cylindrical leaf blade, suggesting that PRSb is involved in flattening of the unifacial leaf blade . Thus, it is likely that the functions of PRSb and LSY1 are differentially involved in monocot leaf development in Juncus and rice.
In summary, we report a WOX3 gene, LSY1, another homolog of NAL2/3, which regulates leaf and floral development. LSY1 regulates lateral outgrowth and marginal differentiation of leaves by affecting adaxial-abaxial patterning at the edges of leaf primordia. In addition, LSY1 controls lateral leaf development independently of NAL2/3. Further studies to identify direct targets of LSY1 and NAL2/3 may help to understand the difference and conservation of lateral leaf development between monocots and dicots.
Materials and Methods
Plant materials and growth conditions lsy1 is a recessive mutant originally identified from the M 2 population mutagenized with g-rays (300 Gy) (Obara et al. 2004) . For the nal2/3 double mutant, FL90, the linkage tester line of rice, was used (Ishiwata et al. 2013 ). For construction of the lsy1 nal2/3 triple mutant, we crossed LSY1/lsy1 heterozygous plants with NAL2/nal2 NAL3/nal3 double heterozygous plants. The lsy1 nal2/3 triple mutant plants were identified by PCR-based genotyping.
The mutant seeds were sterilized by 1% (w/v) sodium hypochlorite for 30 min. After washing to remove the sodium hypoclorite with distilled water three times, the seeds were grown on Murashige and Skoog (MS) medium at 28 C.
Map-based cloning
LSY1/lsy1 heterozygotes (Oryza sativa L. ssp. japonica) were crossed with cv. Kasalath (ssp. indica), and plants with a defect in leaf lateral symmetry in the F 2 populations were used. Sequence-tagged site (STS) markers using rough mapping were obtained from the rice genome database (http://rapdb.dna.affrc.go. jp). For 3' RACE, a truncated LSY1 cDNA was amplified using a primer specific to the 3'-untranslated region of the LSY1 cDNA and a poly(T) primer. The amplified fragment was inserted into pCR4 (Invitrogen) and sequenced.
Phylogenic analyses
WOX3 protein sequences in various plants were obtained from the NCBI database. Alignment was carried out with Molecular Evolutionary Genetics Analysis (MEGA; Mac OS v5.2; Tamura et al. 2011 ) and the phylogenic tree was constructed based on the Neighbor-Joining method with 1,000-replicate bootstrapping. The Arabidopsis WUS sequence was applied as an outgroup.
Generation of novel alleles by the CRISPR/Cas9 system and LSY1-overexpressing plants
The CRISPR/Cas9 system was used to generate novel alleles for LSY1. Targeting sites were selected using the CRISPR-P program (http://cbi.hzau.edu.cn/crispr/) (Lei et al. 2014) (Fig. 2; Supplementary Fig. S1 ). The sgRNA cloning vector (pZK_gRNA) and all-in-one binary vector (pZH_OsU6gRNA_MMCas9) harboring an sgRNA, Cas9 and NPTII were provided by Masaki Endo (Mikami et al. 2015) . The pZH_OsU6gRNA_MMCas9 vector including target guide RNA for LSY1 was constructed as described previously (Mikami et al., 2015) . To establish a construct for LSY1-overexpressing plants, we cloned LSY1 cDNA and ligated it into the pAct-nos/Hm2 binary vector (Sentoku et al. 2000) , which includes a rice ACTIN (ACT) promotor and nos terminator. The pActnos/Hm2 empty vector was used as a control.
The constructs were introduced into the Agrobacterium tumefaciens strain EHA105 and transformed into cultivar Taichung-65 (T-65) calli by the Agrobacterium-mediated transformation method. Mutations and transgenes in each transformant were confirmed by sequencing and PCR-based detection.
Histological analyses
Plant tissues were fixed with 4% (w/v) paraformaldehyde (PFA) and 1% Triton X in 0.1 M sodium phosphate buffer for 48 h at 4 C. They were gradually dehydrated in an ascending ethanol series and a Histo-Clear (National Diagnostics) series, and were substituted and embedded by Paraplast Plus (McCormick Scientific). The samples were sectioned to 8 mm thickness using a rotary microtome. Histological sections were stained by Delafield's hematoxylin and observed with a light microscope.
For measurement of the difference in length between the left and right sides of leaves and measurement of the number of vascular bundles, crosssections of wild-type and lsy1 shoot apices at 20 d after germination were used. The images were imported into ImageJ (https://imagej.nih.gov/ij/) and the differences in length between the left and right side of each leaf primordia were measured by the method described in the text and in Supplementary  Fig. S4 .
Scanning electron microscopy
Plant materials were fixed in PFA and dehydrated in an ascending ethanol series, and gradually replaced with 3-methyl-butyl-acetate. Samples were critical-point dried, sputter-coated with platinum, and observed with a scanning electron microscope (S-4000, Hitachi) at an accelerating voltage of 10 kV.
In situ hybridization
Preparation of paraffin sections was performed as described above. For digoxigenin-labeled antisense RNA probes, a 1,272 bp LSY1 probe was prepared using the full-length cDNA and specific primers (Supplementary Table S1 ). The NAL2/3, OSHB3 and OsETT3 probes were prepared as described previously (Nagasaki et al. 2007 , Itoh et al. 2008b , Ishiwata et al. 2013 . In situ hybridization and immunological detection using alkaline phosphatase were performed according to the methods of Kouchi and Hata (1993) .
Real-time PCR
The RNAs were extracted from shoot apices, mature leaf, root, inflorescence and flower by TRIZOL Õ Reagent (Invitrogen). Extracted RNA was treated with Recombinant DNase I (TAKARA), and cDNA was synthesized using the High Capacity cDNA Reverse Transcription Kit (Life Technologies). Quantitative RT-PCR was performed with the StepOne TM Real-Time PCR System (Life Technologies) using the TaqMan Fast Universal PCR Master Mix and FAMlabeled TaqMan probes for each gene. ACT was used as an internal standard. In all experiments, we used three technical and three biological replicates, except for the inflorescence and flower, which had only one biological experiment. The primers and TaqMan probes used to detect specifically LSY1 and NAL2/3 are listed in Supplementary Table S1 .
Supplementary Data
Supplementary data are available at PCP online.
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